A series of polycrystalline NiFe/ ͑FeMn͒ 1−x ͑MgO͒ x bilayers with granular antiferromagnetic layers were prepared by magnetron sputtering. For a specific antiferromagnetic layer thickness, the intensity of the fcc ͑111͒ x-ray diffraction peaks from Cu, NiFe, and FeMn layers, and the FeMn grain size exhibit maxima at x = 0.025. At this composition, significant enhancement in exchange field is observed together with slight change in coercivity. Remarkably, the training effect in exchange bias is greatly suppressed. These observations indicate the possibility of utilizing granular antiferromagnetic layers in magnetoelectronic devices to improve thermal stability. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2989134͔ Exchange bias ͑EB͒ in ferromagnet/antiferromagnet ͑AF͒ bilayers has been studied extensively 1-3 because of its crucial importance in magnetoelectronic devices. Very recently, it has been shown that the dilution of nonmagnetic elements into AF layers has strong influences on the EB.
Exchange bias ͑EB͒ in ferromagnet/antiferromagnet ͑AF͒ bilayers has been studied extensively [1] [2] [3] because of its crucial importance in magnetoelectronic devices. Very recently, it has been shown that the dilution of nonmagnetic elements into AF layers has strong influences on the EB. [4] [5] [6] [7] More remarkably, the thermal stability can be improved by the dilution. The effects of dilution on the EB have been explained in terms of the domain state model 7, 8 and attributed to the competition between the increase in AF uncompensated magnetic moments and the decrease in switching probabilities of AF spins. Most of recent experiments have investigated the effect of atomic substitution of nonmagnetic metallic elements into both metallic and oxide AF layers. 4, 6 In either case, the magnetic atoms are replaced by nonmagnetic ones and substitutional defects are formed. Effects of introducing nonmagnetic clusters into AF layers instead of atomic substitution remain unknown. In this letter, we report on the study of EB and training effect in the Ni 80 Fe 20 ͑=NiFe͒ / Fe 50 Mn 50 ͑=FeMn͒ bilayers, where the AF layer contains particles of insulating MgO. It is found that for the present bilayers with a granular AF layer, the exchange field H E is enhanced and its training effect is suppressed.
A series of the Cu͑6 nm͒ / NiFe͑6 nm͒ / ͑FeMn͒ 1−x ͑MgO͒ x ͑0-8 nm͒/Au͑3 nm͒ samples with various x and AF layer thickness t AF were deposited on 2 ϫ 5 cm 2 glass substrates by a magnetron sputtering system. The base pressure was 2 ϫ 10 −5 Pa and the Ar pressure was 0.48 Pa during deposition. The Cu seed layer was deposited to induce the ͑111͒ preferred growth in subsequent layers and a Au cap layer was deposited to avoid the oxidization. Cu, NiFe, and Au layers were deposited by dc magnetron sputtering. The FeMn-MgO layer was co-deposited by rf and dc sputtering from MgO and FeMn targets, respectively. For every MgO composition, the FeMn-MgO layer thickness takes a wedge shape across the width of 5 cm. Each location along the wedge direction corresponds to a specific t AF . For comparison, a Cu͑6 nm͒ / NiFe͑6 nm͒ / ͑FeMn͒ 1−x ͑MgO͒ x ͑6 nm͒ uniform sample was prepared. During the deposition, a magnetic field of about 130 Oe was applied parallel to the film plane to induce the EB.
The structure and morphology of all samples were characterized by x-ray diffraction ͑XRD͒ and atomic force microscopy ͑AFM͒. Magnetic measurements were performed on a vector vibrating sample magnetometer from LakeShore Co. ͑Model 7407͒. Before magnetic measurements, the specimen was cut into small pieces along the wedge direction of the AF layer. For each cut sample, the composition and the thickness of the AF layer are almost uniform. All measurements were performed at room temperature.
The XRD spectra of the Cu͑6 nm͒ / NiFe͑6 nm͒ / ͑FeMn͒ 1−x ͑MgO͒ x ͑6 nm͒ samples are shown in Fig. 1 . The peak at 2 = 43.5 degrees corresponds to the overlapping diffraction from ͑111͒ planes of fcc Cu, FeMn, and NiFe layers. The intensity of the ͑111͒ diffraction peak shows a maximum at x = 0.025 after the dilution of MgO into the FeMn. Due to the low MgO concentration, the diffraction peak of the MgO cannot be observed. As a result of the immiscibility of MgO in FeMn, the AF layer should have a granular structure.
AFM measurements were performed on the Cu͑6 nm͒ / NiFe͑6 nm͒ / ͑FeMn͒ 1−x ͑MgO͒ x ͑6 nm͒ samples a͒ Electronic mail: shiming@fudan.ac.cn. without Au cap layer. Figure 2 shows the surface morphology for samples with different MgO concentrations. For x = 0, 0.025, and 0.056, the average grain size is determined to be 22, 37, and 21 nm, respectively. The grain size changes nonmonotonically with x and shows a maximum at x = 0.025. This is different from the atomic substitution, where the AF grain size was found to change monotonically with the dilution amount. For example, the average grain size in the IrMn layer diluted by Cu, was found to decrease from 65 to 43 nm when the Cu dilution was increased from 0% to 20%. 6 Magnetization measurements were performed to reveal the dilution effect on the EB. Figures 3͑a͒ and 3͑b͒ show that with a fixed t AF , H E shows a maximum at x = 0.025, and then decreases with the increasing MgO concentration, similar to the observations in other systems. [4] [5] [6] Meanwhile, H C almost keeps at a constant at small x and then decreases with further increasing in x. Similar variation trends of H E and H C are observed for all t AF . Figures 3͑c͒ and 3͑d͒ show that at small x, H E increases monotonically to approach saturation with the increasing t AF while H C goes through a maximum at t AF of 4.0 nm. At high x, H E and H C both increase with the increasing t AF in the studied t AF region.
The training effect was studied for the samples with t AF of 3.0 nm but varying x. From experiments, it is found that with the increasing number of measurement cycles n the coercive field at the descending branch of the hysteresis loop shifts toward less negative magnetic fields. Nevertheless, that of the ascending branch does not change much. 9 During consecutive measurements, H E and H C drop sharply after the first cycle and then decrease more gradually when n Ն 2, as shown in Figs. 4͑a͒ and 4͑b͒ . The dependence of H E and H C on n can be fitted by the empirical linear function of 1 / ͱ n, 10 except for n = 1. Here, we define ⌬H E͑C͒ / H E͑C͒ ͑1͒ to express the extent of the training effect, where ⌬H E͑C͒ = H E͑C͒ ͑1͒ − H E͑C͒ ͑20͒. Figure 4͑c͒ shows that ⌬H E / H E ͑1͒ varies nonmonotonically with x whereas ⌬H C / H C ͑1͒ almost does not change. It is interesting to find that the minimum of the training effect in H E and the maximum of H E are located at the same composition, i.e., x = 0.025.
As analyzed below, above mentioned results can be ascribed to effects of the AF microstructure in the framework of the domain state model. [4] [5] [6] [7] For the granular FeMn-MgO layer, the MgO clusters are assumed to be located at grain boundaries. Since the domain walls favor to pass through the nonmagnetic sites, each AF domain occupies one single AF grain. XRD and AFM measurements show that with small amount of MgO dilution, the size of AF grains and domains is increased, thereby resulting in a reduction in the total value ͑m AF ͒ of the AF interfacial uncompensated magnetic moments in each domain. According to the domain state model, 7 the EB should be reduced at small amount of MgO dilution if only the effect of m AF is considered. On the other hand, as the AF domains become larger with small x, the thermal stability of AF domains becomes better and thus the EB at room temperature should be enhanced from the point of view of the thermal stability. 7, 11 Therefore, at small x, the EB enhancement and the suppression of the training effect are due to the competition between the reduction in m AF and the enhancement of the thermal stability. As x is much larger than 0.025, the AF grains become smaller and the thermal stability of the AF domains becomes worse, leading to weaker EB and prominent training effect, as shown in Figs. 3  and 4 . According to the domain state model, 7 AF interfacial uncompensated magnetic moments near the domain boundary and in the central domain corresponds to H C and H E , respectively. The anomalous x dependence of both H C and the training effect may also be related to the distribution of the AF domain size. Finally, it should be pointed out that the thermal activation model cannot be excluded in explanations of the present experimental results. 11 In order to prove the validity of the domain state model, further experimental evidence of m AF is required. 4 In summary, the effects of introducing MgO clusters in the AF layer are studied experimentally in polycrystalline NiFe/ ͑FeMn͒ 1−x ͑MgO͒ x bilayers. It is found that when changing the MgO concentration, the microstructure, crystalline orientation and thus the EB can be significantly altered. The FeMn grain size and the extent of the preferred ͑111͒ orientation show maxima at x = 0.025 for all AF thickness studied. This MgO concentration also corresponds to a maximal H E . On the other hand, H C almost keeps at a constant with initial increase in x and then decreases monotonically. The EB training effect is also greatly influenced by the introduction of MgO clusters in FeMn with maximal suppression at x = 0.025. This study provides possibilities of improving EB and thermal stability in developing magnetoelectronic devices.
